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Abstract: We demonstrate fluorescence imaging with high fluorescence
intensity and depth resolution in which depth-induced spherical aberration
(SA) caused by refractive-index mismatch between the medium and
biological sample is corrected. To reduce the impact of SA, we incorporate
a spatial light modulator into a two-photon excitation fluorescence micro-
scope. Consequently, when fluorescent beads in epoxy resin were observed
with this method of SA correction, the fluorescence signal of the observed
images was ∼27 times higher and extension in the direction of the optical
axes was ∼6.5 times shorter at a depth of ∼890 μm. Thus, the proposed
method increases the depth observable at high resolution. Further, our
results show that the method improved the fluorescence intensity of images
of the fluorescent beads and the structure of a biological sample.
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croscopy; (220.1000) Aberration compensation; (230.6120) Spatial light modulators.
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1. Introduction

Deep-tissue imaging using two-photon excitation fluorescence microscopy (TPM) has attracted
considerable attention for the study of the structure and vital functions of the brain owing to its
high fluorescence intensity and depth resolution [1,2]. For example, three-dimensional imaging
of vessels and neurons has been carried out via observations from the surface of a thick biolog-
ical sample into deep regions [3, 4]. However, when the deeper regions of a biological sample
are observed, the fluorescence intensity and depth resolution are degraded owing to increased
aberration, scattering, and absorption [2,3]. Spherical aberration (SA) is caused by the structure
of the biological sample and refractive-index (RI) mismatch between the air (or the immersion
fluid) and the sample being observed. To reduce SA, water and silicone-oil immersion objec-
tive lenses are commonly used to reduce the RI mismatch between the immersion fluid and the
sample. Adaptive optics using a spatial light modulator (SLM) and a wavefront sensor has also
been studied as an active correction method to reduce the impact of various aberrations [5, 6].
This method iteratively measures the wavefront of a well-known fluorescent object called a
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guide star and modulates the wavefront of the excitation light so that the fluorescence intensity
of the guide star is at its maximum. The pupil segmentation method has also been proposed as a
method of providing adaptive optics without a wavefront sensor [7–9]. In this method, the pupil
is segmented and the wavefront of the excitation light on each segment is modulated in order to
maximize the intensity of the guide star. Using this method, in vivo imaging of dendritic spines
has been achieved with high resolution [8].

Scattering and absorption are caused by the structure of biological samples. To reduce
scattering and absorption, TPM using longer wavelengths [2, 3, 10] and an optical clearing
agent [11–16] has been developed. Hama et al. [11] observed neurons in the brain up to a
depth of 4 mm by reducing the effects of scattering and absorption. Recently, Scale A2 [11],
BABB [12], CUBIC [13], SeeDB [13, 14], ClearT [15], and 3DISCO [16] have been reported
as high-quality optical clearing agents, the RI of which depends on the agent and tends to be
higher (n = 1.38 – 1.55) than that of water (n = 1.33) and silicone oil (n = 1.408). In general,
it is necessary to adopt an objective lens suitable for the agent to carry out observation without
aberration caused by RI mismatch. However, it is difficult to adopt an objective lens suitable for
every observation condition because other specifications of the objective lens such as numerical
aperture (NA), magnitude, and working distance also have to be considered.

In the present study, to observe deep regions while reducing SA caused by RI mismatch,
we incorporated an SLM [17, 18] into the TPM system. The SLM modulates the wavefront
of the excitation light to a numerically calculated wavefront for correcting SA using certain
specifications. Because of the direct calculation involved, the proposed method does not use a
guide star. To verify the efficacy of the proposed SA correction method, we demonstrate the
observation of fluorescent beads in epoxy resin from the surface to deep regions using a dry
objective lens. Further, using the proposed method we observe fluorescent beads in a biological
sample and the structure of the biological sample with high fluorescence intensity and depth
resolution, even in deep regions.

2. Observation method with SA correction

Figure 1 shows the convergence of a laser beam when the beam is focused inside a medium
m2 such as a biological sample through another medium m1 such as air and an immersion
fluid. In the figure, the geometry of excitation light focused with an objective lens of focal
length f and numerical aperture NA is shown. While the RI of the immersion medium n1 has
uniform distribution, the RI of the biomedical sample has the variant distribution. The higher-
order aberrations are caused by RI distribution in the biomedical sample, and the lower-order
aberrations includingc depth-induced SA are caused by mismatch between n1 and average RI of
the biological sample n2. Generally, the effect of the lower-order aberrations on the fluorescence
intensity is larger than that of higher-order aberrations because the amount of RI change in the
biological samples is smaller than the difference of average RI of biological samples from RI
of immersion media. Arch AB denotes the reference spherical wavefront when a collimated
laser beam is incident on the objective lens. If n1 = n2 and the wavefront of the collimated laser
beam incident on the lens is planar, the beam is converged at point O0 at a distance d from the
interface between m1 and m2 (Fig. 1(a)). Under such a condition, the optical depth coincides
with the movement of an objective lens from the interface. In the case of n1 < n2 (Fig. 1(b)), the
depth-induced SA originates from RI mismatch between the media. Paraxial rays are focused
at shallower points O1 at a distance n2d/n1 (we define O1 as the optical depth), and peripheral
rays are focused at deeper points because the rays are refracted depending on incident angle
θ1 of the ray at the interface (Snell’s law). The deeper the focal point is, the larger the SA is.
Consequently, the focal spot of the excitation light is elongated in the optical-axis direction, and
its power density decreases; the excited fluorescence spot is also extended and its fluorescence
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(c) Present method (n1 < n2)

(b) Conventional method (n1 < n2)(a) Conventional method (n1 = n2)
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Fig. 1. Focusing geometry showing the refraction of rays at the interface between two
media: (a) Rays from a plane wavefront are concentrated at O0 in the case of n1 = n2. (b)
Rays from a plane wavefront are focused with depth range Δ in the case of n1 < n2 because
the rays are refracted depending on incident angle θ1 of the ray at the interface (Snell’s
law). (c) Rays from a modulated wavefront are concentrated at O2 in the case of n1 < n2.

intensity becomes weak in deeper regions. The focal spot yields a blurred fluorescence image
with low fluorescence intensity and depth resolution.

The SA caused by RI mismatch is expressed as follows [19, 20]:

φ(ρ) =−2πd
λ

(
(1+α)

√
n2

2 − (NAρ)2 −
√

n2
1 − (NAρ)2

)
, (1)

where λ is the wavelength of the excitation light, ρ is the normalized pupil radius, and d is the
movement of an objective lens from the interface, and α is the factor for changing the depth
of focal spot. This SA can be corrected by modulating the wavefront of excitation light to be
the inverse form of Eq. (1). We call this inverse form of Eq. (1) pre-distortion pattern. After
applying the pre-distortion pattern to an SLM, the rays inside the sample are concentrated at
O2, at a distance (1+α)d from the interface (Fig. 1(c)). When the wavefront of the excitation
light is modulated as shown in Fig. 1(c), paraxial and peripheral rays can be concentrated at the
same spot. Consequently, the focal spot of the excitation light is localized, its power density
is improved, and fluorescence is excited only at positions near the focal point. As shown in
Eq. (1), the pre-distortion pattern is simply calculated using the specifications of the objective
lens, movement of the objective lens from the interface between the immersion medium and
the sample, the RI of the immersion medium, and the average RI of the sample. Electronic
control of the SLM without any mechanical movements enables the numerically calculated
wavefront to be applied within a short time period when the movement is changed. Although the
excited fluorescence is also affected by SA and its focal spot near the detector plane is widened,
we adopt a large light-receiving surface detector such as a photo-multiplier tube (PMT) to
reduce the impact of SA. That is, we attempt to correct the SA of excitation light using the
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SLM and minimize the impact of the SA of the fluorescence by using the PMT because a
optical sectioning effect is determined by the spot size of the excitation light in TPM. Thus, the
fluorescence intensity and the depth resolution of the fluorescence image are improved.

Adaptive optics using an SLM and a wavefront sensor can correct various aberrations includ-
ing SA. However, with adaptive optics, a well-known fluorescent object called a guide star and
a wavefront sensor must be used to measure the wavefront aberrations. If there is no appropriate
fluorescent object in the observation area, surgical treatment must be performed to implant a
guide star like fluorescent beads. In addition, the adaptive optics requires a short time for obser-
vation at each depth because it iteratively performs a feedback process so that the fluorescence
intensity of the object becomes highest. In contrast, our proposed method does not use a guide
star and wavefront sensor, and we can previously calculate the suitable pre-distortion pattern
for each observation depth.

While an objective lens with correction collar can correct both excitation light and fluo-
rescence with high light-utilization efficiency, the controllability of SA correction is low due to
mechanical movement. Furthermore, rotation of the correction collar causes unexpected change
of the observation depth. In contrast, our proposed method can perform SA correction suitable
for each sample and objective lens, as well as adjust the observation depth by adding a defocus
wavefront with electrical control [20, 21].

3. Experimental setup

Figure 2 is a simplified schematic showing the setup of our experimental TPM system with an
SLM. As shown in the figure, a Ti:sapphire laser (Chameleon Vision II, Coherent Inc.) is used to
deliver a horizontally polarized beam of light beam to a beam expander. A femtosecond train of
optical pulses (wavelength = 880 nm) is projected onto a small-pixel-pitch LCOS-SLM (1280
× 1024 pixels, 12.5 μm pixel pitch, Hamamatsu Photonics K.K.) with a Peltier system [22].
The SLM modulates the wavefront of the excitation light to the pre-distortion pattern calculated
from Eq. (1). An example of the pre-distortion pattern profile before wrapping has been added
to Fig. 2. In fact, a wavefront that superimposes the pre-distortion pattern and correction pattern
for the distortion of the SLM is applied to the SLM. The light is reflected and directed through
a telecentric lens system to an x-y galvo scanner. The light with its incident angle varied using
the scanner is then directed to an objective lens by the other telecentric lens system. These tele-
centric lens systems are used to ensure that the wavefront of the light is transmitted from the
plane of the SLM to the pupil plane of the objective lens in an inverted microscope system. The
light is focused onto a sample by using an objective lens to excite fluorescence, which is gath-
ered by the objective lens. The gathered fluorescence is directed through two telecentric lens
systems and the x-y galvo system to the PMT (Hamamatsu Photonics K. K.). The fluorescence
is detected using the PMT. To get the three-dimensional image, scanning is performed at each
depth with changing d. At each depth, the pre-distortion pattern is calculated and applied to the
SLM. By applying the pre-distortion pattern, the wavefront of excitation light is distorted be-
fore incidence on the interface between the immersion medium and the sample. The SA due to
RI mismatch is canceled inside the sample by this pre-distortion. Following modulation of the
incident light, scanning with SA correction is performed and the fluorescence detected. Con-
versely, if the pre-distortion pattern is not applied, the functionality of the experimental TPM
system becomes equivalent to that of the conventional TPM system.
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Fig. 2. Schematic of the experimental TPM system with ab SLM. The solid lines (red) and
dashed lines (green) represent the excitation beam and fluorescence light, respectively.

4. Experimental results

4.1. Fluorescent polystyrene beads of 3 μm diameter in epoxy resin

We observed 3 μm-diameter fluorescent polystyrene beads in epoxy resin using the experimen-
tal system outlined above. The RI of the epoxy resin was approximately 1.55, which is close
to that of optical clearing agents (n=1.38 – 1.55). The interface between medium 1 (air, n1 =
1) and medium2 (epoxy resin, n2 = 1.55) was flat because there was a cover glass between the
air and the epoxy resin. Further, the aberration caused by the cover glass was minimized by
using an objective lens with cover glass correction. As a result, the effect of SA caused by RI
mismatch between the air and the epoxy resin was dominant. We carried out scanning from the
surface of the epoxy resin to the limit of the working distance of the objective lens using a dry
objective lens (20× magnification, NA 0.75, 600 μm working distance, Olympus) with optical-
depth increments of 621 nm. The intensity of the excitation light was fixed at 11 mW at the
sample position during scanning. At each depth, scanning with SA correction was performed
after scanning without SA correction. After scanning, we acquired a three-dimensional image
from 1630 x-y images. Figures 3(a) and (b) show x-z projected images [3] of fluorescent beads
in epoxy resin from -30 μm to 963 μm optical depth with and without SA correction, respec-
tively. The brightness of each image was normalized using the maximum fluorescence intensity
of the beads with SA correction. With SA correction, the wavefront of the excitation light was
calculated and modulated every 1.55 μm of optical-depth movement. Figure 3(b) clearly shows
that the fluorescence intensity of the fluorescent beads observed near the surface was the high-
est. As the observed depth increased, the fluorescence intensity of the beads decreased and the
beads elongated in the direction of their optical axis because of SA. This result indicates that
the image without SA correction (Fig. 3(b)) is equivalent to that of a conventional TPM. In
Fig. 3(b), the fluorescence intensity of the beads was significantly decreased with depth incre-
ment, and fluorescence was hardly observed at optical depth greater than 200 μm. On the other
hand, the fluorescence intensity of the beads was maintained until 700 μm optical depth in
Fig. 3(a). To enhance the visibility of the images, we adjusted the gamma value of Figs. 3(a)
and 3(b). Figures 3(c) and 3(d) show the gamma-value-adjusted x-z projected images (γ = 1.75)
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with and without SA correction, respectively. In Fig. 3(d), the depth resolution in deep regions
is low because the beads were elongated. On the other hand, in Fig. 3(c), the depth resolution
is improved even in deep regions because of SA correction. Figures 3(e), 3(f), 3(g), and 3(h)
show magnified x-z projected images of Figs. 3(a) and (b). The brightness of each image is nor-
malized by the respective maximum fluorescence intensity. On application of SA correction,
the observed fluorescence beads were not significantly elongated from the surface to the limit
of the working distance of the objective lens.

(a) (b) (c) (d)

x

z

(e)

(f)

(g)

(h)

Fig. 3. Results of observation of the fluorescent polystyrene beads in epoxy resin using
a dry objective lens (NA 0.75) with optical-depth increments of 621 nm. (a), (b) x-z pro-
jected image from an optical depth of -30 μm to 932 μm with and without SA correction,
respectively. The 932 μm optical depth is the maximum working distance of the objective
lens. (c), (d) Gamma-value-adjusted x-z projected images (γ =1.75). (e)-(f) Magnified x-z
projected images from an optical depth of (e) -30 μm to 30 μm, (f) 203 μm to 263 μm, (g)
436 μm to 496 μm, and (h) 670 μm to 730 μm. Scale bar indicates 20 μm optical depth.
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Fig. 4. (a) Normalized fluorescence intensity as a function of observed depth. (b) Fluores-
cence intensity improvement ratio and depth-resolution improvement ratio.

Next, we quantitatively examined the fluorescence intensity and length of the observed beads.
Figure 4(a) shows the normalized fluorescence intensity of the observed beads as a function of
the optical depth with and without SA correction. After the background signal was subtracted
from the fluorescence intensity at each optical depth, the normalized fluorescence intensity was
calculated as the fluorescence intensity at each depth divided by that near the surface of the
epoxy resin. The fluorescence intensity of the beads near the surface did not vary with SA
correction, because the impact of SA is negligibly small. The optical depth at which the fluo-
rescence intensity became half of that near the surface was approximately 600 μm and 55 μm
depth with and without SA correction, respectively. At 885 μm depth, the normalized fluores-
cence intensity improved from 0.009 to 0.232 on application of SA correction. The background
signal (noise) was approximately 0.008 from the surface of the epoxy resin to the limit of the
working distance of the objective lens. Figure 4(b) shows the ratio of fluorescence intensity
with SA correction to that without SA correction. The fluorescence intensity with SA correc-
tion is approximately 27 times higher than that without SA correction at approximately 885 μm
depth.

We defined the length of the beads as the range across which the intensity of the observed
beads is greater than e−2 times the maximum intensity. At 7 μm depth, the lengths of the beads
with and without SA correction are 9.3 μm and 8.7 μm, respectively. At 885 μm depth, the
lengths of the beads with and without SA correction are 11.2 μm and 72.7 μm, respectively.
Figure 4(b) also shows the improvement in depth resolution as the ratio of the length of the
observed fluorescence beads with SA correction to that without SA correction. The length of
the observed fluorescent beads with SA correction is approximately 6.5 times less than that
without SA correction at approximately 885 μm depth.

The peak-to-valley (PV) value (stroke) of SA calculated for observation at 885 μm depth
was approximately 18 μm. We confirmed with propagation simulation calculation that the flu-
orescence intensity with SA correction at this depth is approximately 57 times higher than that
without SA correction. We consider that the difference between the experiment and the simula-
tion comes from the residual higher order aberrations, absorption and scattering in the sample,
and the characteristics of diffraction efficiency of the SLM.
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4.2. Fluorescent polystyrene beads of 3 μm diameter in a biological sample

Fluorescent polystyrene beads of 3 μm diameter were injected into pig meat using a needle-free
injector (MadaJet, Mada). Following injection of the beads, the optical transparency of the pig
meat was enhanced by Scale A2 (n2 = 1.38) [11]. Figure 5(a) gives an overall view of the pig
meat after the transparency-enhancement process. Figure 5(b) shows the fluorescence image
of the beads in pig meat obtained through epi-illumination. To make the interface flat, the pig
meat was pressed against the cover glass. As with the observation of 3 μm-diameter fluorescent
polystyrene beads in epoxy resin, we scanned the polystyrene beads using the dry objective
lens with the intensity of the excitation light fixed at 6.4 mW. We observed the fluorescent
beads from an optical depth of 27.6 μm to 387 μm with increments of 690 nm. Figures 5(c)
and 5(d) show the x-z projected image of fluorescent beads in the pig meat with and without SA
correction, respectively. Figures 5(e) and 5(f) show gamma-value-adjusted x-z projected images
(γ=1.5) with and without SA correction, respectively. The fluorescence intensity of each image

(c) (d) (e) (f)

(a) (b)

x

z

Fig. 5. Observation of fluorescent polystyrene beads in pig meat using a dry objective lens
(NA 0.75) with optical-depth increments of 690 nm. (a) Overall view of the pig meat after
the transparency-enhancement process. (b) x-y fluorescence image of the beads in the pig
meat obtained through epi-illumination. (c), (d) x-z projected image from 27.6 μm depth to
387 μm depth with and without SA correction, respectively. (e), (f) Gamma-value-adjusted
x-z projected images (γ = 1.5). Most of the fluorescence beads were fixed, but some beads
moved (in the yellow dashed circle), because they were injected by a needle-free injector.
Scale bar indicates 20 μm optical depth.
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is normalized by the maximum fluorescence intensity of the beads with SA correction. Unlike
the case with the epoxy resin, because the biological sample produced various aberrations in
addition to SA, some of the beads observed in the shallow region were weaker than those in
the deeper region. However, with application of SA correction, the fluorescence intensity of
the observed beads became higher than that without SA correction in the deeper region. At
approximately 354 μm depth (red circle in Figs. 5(e) and 5(f)), the fluorescence intensity of the
beads with SA correction was approximately 5.3 times higher than that without SA correction.
The length of the fluorescent beads with SA correction was approximately 2.2 times less than
that without SA correction at approximately 354 μm depth.

4.3. Cerebral blood vessels of a young Sprague-Dawley rat stained with a fluorescence tracer

We also observed the cerebral blood vessels of a Sprague-Dawley (SD) rat by injecting a flu-
orescence tracer (Fluorescein Isothiocyanate-Dextran FD-10S, Simga Aldrich) into the circu-
latory system of a 7-day-old rat. The procedure was operated similar to the method used in
Ref. [3]. Following injection of the fluorescence tracer, the optical transparency of the SD rat
was enhanced by Scale A2 (n2 = 1.38) [11]. To make the interface flat, the sample was pressed
against the cover glass. We scanned the cerebral vessels using the dry objective lens when the
excitation-light intensity was fixed at 215 mW at the sample position. At each depth, scanning
with SA correction was performed after scanning without SA correction. Figures 6(a) and 6(b)
show the gamma-value-adjusted y-z projected images (γ = 2.0) from 0 μm depth to 550 μm
depth with and without SA correction, respectively. Figures 6(e) and 6(f) show false-color y-z
projected images with and without SA correction, respectively. The fluorescence intensity and
resolution of blood vessels did not vary with SA correction until 100 μm depth. However, the
fluorescence intensity and resolution of blood vessels improved above 100 μm depth, and the
fluorescence intensity of the vessels observed with SA correction was approximately 4.0 times
higher than that without SA correction at approximately 370 μm depth. Figures 6(c) and 6(d)
show magnified y-z projected images of Figs. 6(a) and 6(b), respectively. The orange arrows
show the length of the observed blood vessel following scanning without SA correction. The
length of the observed blood vessel with SA correction is approximately 1.5 times less than that
without SA correction at approximately 165 μm depth. By applying SA correction, we clearly
observed approximately 10 μm-diameter blood vessels at approximately 530 μm depth (green
arrows). In contrast to the fluorescence beads in epoxy resin, the improvement in the fluores-
cence intensity at deeper regions was not clear in the case of the blood vessels. We consider that
this is because the effects of photo-bleaching of the fluorescence tracer as well as scattering and
absorption were not negligible.
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Fig. 6. Observation of the cerebral blood vessels of a young SD rat; a fluorescence tracer
was injected into the circulatory system of a 7-day-old rat using a dry objective lens (NA
0.75) with optical-depth increments of 970 nm. (a), (b) y-z projected images from 0 μm
depth to 550 μmm depth with and without SA correction, respectively. (c), (d) Magnified
y-z projected images of (a) and (b), respectively. The orange arrows show the length of
the observed blood vessel when scanned without SA correction. (e), (f) False-color y-z
projected images. Scale bar indicates 20 μmm depth.

5. Discussion

SA correction using an SLM has an advantage in that the SLM suitably modulates the wave-
front of the excitation light depending on the specification of the objective lens, movement of
the objective lens from the interface, and the RI of the immersion medium and the average
RI of the sample. Figures 7(a) and 7(b) show the x-z projected images of fluorescent beads
in epoxy resin obtained using a silicone-oil immersion objective lens (30× magnification, NA
1.05, 800 μm working distance) with and without SA correction. The images were produced by
scanning from an optical depth −5.5 μm to 880 μm with increments of 441 nm. Figures 7(c)
and 7(d) show gamma-value-adjusted x-z projected images (γ=1.5) with and without SA cor-
rection, respectively. The RI mismatching between silicone oil (n=1.408) and epoxy resin (n ≈
1.55) is less than that between air and epoxy resin. However, because the NA of the silicone-
oil immersion objective lens was high, the fluorescence intensity of the observed beads in the
deeper region was significantly deteriorated (Fig. 7(b)). Conversely, Fig. 7(a) indicates that the
fluorescence intensity with SA correction was high in the measurement from the surface of the
epoxy resin, limiting of the working distance of the objective lens.

Figure 7(e) shows the normalized fluorescence intensity as a function of the optical depth
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with and without SA correction. Here, to obtain the fluorescence intensity at 0 μm, the scan was
started from an optical depth of −5.6μm. An air gap was present when silicone oil was filled
in the gap between the silicone-oil objective lens and the sample. The air gap vanished with
increasing depth, and was refilled with silicone oil, resulting in an improved image. Because
of the gap, the fluorescence intensities at 2.6 μm were lower than those at 23 μm. Figure 7(f)
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Fig. 7. Observation of fluorescent polystyrene beads in epoxy resin using a silicone-oil
immersion objective lens (NA 1.05) with depth increments of 440 nm. (a),(b) x-z pro-
jected image from a depth of -5.5 μm to 880 μm with and without SA correction. (c),
(d) Gamma-value-adjusted x-z projected image (γ=1.5). (e) Normalized fluorescence in-
tensity as a function of the observed depth. (f) Fluorescence-intensity improvement ratio
and depth-resolution improvement ratio. Scale bar indicates 20 μm depth.

shows the normalized fluorescence intensity as a function of the optical depth with and with-
out SA correction. The fluorescence intensity with SA correction is approximately 14.5 times
higher than that without SA correction at 792 μm depth. Figure 7(f) also shows the depth-
resolution improvement ratio. At 23 μm depth, the lengths of the beads with and without SA
correction are 6.2 μm and 5.7 μm, respectively. At 792 μm depth, the lengths of the beads with
and without SA correction are 6.2 μm and 23.0 μm, respectively. The length of the observed
beads with SA correction is 3.7 times less than that without SA correction.

The wavefront for SA correction is directly calculated, but the fluorescence-intensity im-
provement ratio is high in the deep region. Consequently, the intensity of the excitation light
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can be reduced with SA correction because even the weak intensity of the excitation light gener-
ates sufficient fluorescence intensity for observation. By reducing the intensity of the excitation
light, we expect the damage and scattering caused by fluorescence near the surface to be sup-
pressed.

The LCOS-SLM has a large number of pixels and can modulate discontinuous phase dis-
tribution. These facts allow us to use SA correction simultaneously with other wavefront con-
trol techniques such as beam shaping [23] and generation of multifocal beam. They also allow
us to use phase wrapping technique for large-stroke SA correction. In fact, we could adopt the
pre-distortion pattern of 18 μm stroke in this study.

6. Conclusion

TPM with an SLM electrically corrects SA caused by RI mismatch between biological samples
and the immersion medium. The modulated wavefront improves the fluorescence intensity and
depth resolution of the observed fluorescence image. In this study, the wavefront was calculated
using the specification of the objective lens, movement of the objective lens from the interface
between the sample and the immersion medium, the RI of the immersion medium, and the
average RI of the sample. The results of observation of fluorescent beads in epoxy resin using
a dry objective lens with the SA correction method applied at a depth of 885 μm indicate that
the fluorescence intensity was approximately 27 times higher than that without SA correction,
and the length of the observed beads was 6.5 times less than that without SA correction. We
also observed the beads in a biological sample (pig meat) and the cerebral blood vessels of a
young rat. In future work, we plan to incorporate the SLM into an upright microscope system
and use excitation light and fluorescence with longer wavelengths to reduce the scattering and
absorption [2, 3, 10].
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